Predictions are made for the forward-backward and charge asymmetries in bottom-quark pair production at hadron colliders. Tree-level exchanges of electroweak (EW) gauge bosons 
I. INTRODUCTION
For several years, measurements of, and related to, the forward-backward asymmetry in top-quark pair production (A tt F B ) at the Tevatron were consistently higher than the Standard Model (SM) predictions [1] [2] [3] [4] [5] . In particular, the measurement of the forwardbackward asymmetry at high invariant mass (M tt > 450 GeV) was quoted to be 3.4 standard deviations above the next-to-leading order (NLO) QCD prediction [1] . This result sparked much work -both theoretical and experimental, within and beyond the SM (BSM) -trying to find the source of the discrepancy. See [6] for a review.
One proposal to help solve the problem was to measure the forward-backward asymmetry in bottom-quark pair production (A bb F B ) [7, 8] , and the analogous charge asymmetry at the LHC (A bb C ) [9] , see also [10] . Such a measurement would likely be difficult due to dominance of gluon fusion initiated bottom pair production, which does not generate an asymmetry, overinitiated production, the dominant top pair production mechanism.
In addition, there were expected to be further complications due to b-tagging inefficiencies, and processes such as neutral B-meson oscillations and cascade decays spoiling the correlation between the charge of the decay products and the charge of the parent bquark. However, the upside would be valuable information about the flavor structure of the source of the top asymmetry. Calculations of the bottom-quark A F B in the SM including some electroweak (EW) effects had been made both before [11] , and after [12] these proposals.
In [13] , it was realized that a Z-boson decaying to bb would have significant consequences for the analysis of the bottom-quark asymmetry. 1 It was found that near the Z-pole, tree level exchanges of electroweak gauge bosons dominated the SM contribution to the A F B . This is unlike the top asymmetry where NLO QCD is the leading contribution. Far enough above the Z-pole, NLO QCD does provide the leading SM contribution to the bottom asymmetry.
The effects of various BSM scenarios on A bb F B , and their relation to A tt F B , were also investigated in [13] .
2 However, the tt asymmetry discrepancy has recently been resolved 1 The top-quark is too heavy for an on-shell Z to decay to tt, so these effects are not nearly as strong in through a combination of theoretical and experimental work, namely results from D0 using the full Tevatron Run-2 dataset [18] [19] [20] , and a SM prediction of A tt F B at next-tonext-to-leading order (NNLO) in QCD [21] . Nevertheless, in the interim, measurements of A bb F B by the CDF [22, 23] and D0 collaborations [24, 25] and of A bb C by the LHCb [26, 27] collaboration were made, and a new ∼ 3σ discrepancy has appeared.
The preliminary results of CDF at high invariant mass [22] are both consistent with zero, and agree with the SM predictions of [13] . In addition, CDF was able to exclude a wide axigluon with a mass of 200 GeV as an explanation of A tt F B , while not excluding an axigluon with a mass of 345 GeV. The preliminary results of CDF at low mass [23] agree with the SM predictions of [13] , including a measured asymmetry in the bin containing the Z-pole that is larger than the asymmetry in the adjacent invariant mass bins.
LHCb updated their preliminary analysis of 7 TeV data [26] after Ref. [13] came out to include an additional invariant mass bin centered on the Z-pole. In their published result, Ref. [27] , they find that central value of A bb C in this Z-pole bin is the largest of the three bins in the analysis, similar to the prediction for A bb F B in [13] . However, there was no dedicated SM prediction for this measurement at the time it was released.
D0 did an analysis [24, 25] [28, 29] . D0 also finds that the measured asymmetry is lower than their SM prediction for all pseudorapidities, and for
D0 has also made a measurement of the forward-backward asymmetry in Λ asymmetry is expected to be dominated by hadronic effects [31] . For this reason it is not considered further in this work.
The predictions made in [13] for CDF are updated to include mixed EW-QCD corrections in an approximate way. These corrections are found to be small in magnitude, and CDF's measurements are found to be in good agreement with the SM predictions.
The charge asymmetry at 7 TeV measured by LHCb is found to be in good agreement with Standard Model. It is also predicted that the charge asymmetry at 13 & 14 TeV will be smaller than at 7 & 8 TeV. The SM asymmetry is predicted to be very small for D0, which is consistent with what was measured. Several BSM models, including a 100 GeV axigluon model, are ruled out by this combination of SM predictions and measurements. On the other hand, it is shown that the Zbb couplings can be modified to explain the anomalous bottom-quark forward-backward asymmetry at LEP1 [32] , while being consistent with the results of CDF and LHCb.
The rest of the paper is organized as follows. In Sec. II, the setup for the SM calculation of the forward-backward asymmetry is given. Predictions for the asymmetries measured by CDF, LHCb, and D0 (and for those to be measured by LHCb) are given in Sec. III. Following that, Sec. IV discusses the approximation used for the mixed EW-QCD corrections to the asymmetry, the charm-quark charge asymmetry, and implications for BSM scenarios. Finally, conclusions are given in Sec. V.
II. STANDARD MODEL CALCULATION
The Standard Model contribution to the top-quark forward-backward asymmetry has been investigated extensively [11, 12, 21, [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . 3 Both the forward-backward and the charge asymmetries can be defined as follows,
where σ is the cross section in a given bin, and the observable Y is used to determine whether an event is "forwards" or "backwards. The SM contributes to the forward-backward asymmetry at various orders in perturbation theory, which can be written schematically as
At the energy scales relevant for hadron colliders, 4 Eq. (2) can expanded in powers of coupling constants
Eq. (3) is the definition of the forward-backward asymmetry we will use in our calculations, as is commonly done. The approach is the same as that of [13] . We apply the analytic formulas in the literature for the O(α s ) [11] and O(α 2 /α 2 s ) [36] terms to the case of the bottom asymmetry. The Cuhre integration routine from the Cuba library [45] is used for the leading order and virtual+soft corrections, and MadGraph5 aMC@NLO [46] is used for the hard radiation. Unless otherwise stated, the PDF set used for all calculations is the NNPDF2.3QED NLO grid [47, 48] A formula for the N 2 term was not given in Ref. [21] , presumably due to its complicated nature, so we will drop the entire O(α 2 s ) term. As was done before N 2 was known, to 4 We thank Ken Intriligator for a discussion on this point.
compensate for this neglect of higher-order corrections we assign an uncertainty to the calculation of 30% of the O(α s ) contribution, originating from α s D 1 ≈ 0.3D 0 . Ref. [21] finds that including D 1 , but not N 2 in the NLO QCD calculation of the top A F B decreases the asymmetry by 25%, and that the full O(α 2 s ) term increases the top asymmetry by 13%.
In [13] it was noted that the O(α) contribution to A The QED corrections are known to be in a one-to-one correspondence with the QCD asymmetry, one simply makes the following replacement for a given partonic channel,
However, the mass of the Z spoils this correspondence for the weak corrections. In this approximation, first one treats the Z as massless. Then, including real Z radiation, there is a one-to-one correspondence with the QCD asymmetry,
This is what's done in e.g. [37] , for the top asymmetry as 2m t M Z . However, since [13] showed that the Z-pole is important for the bottom asymmetry, this result is then multiplied by a correction factor that attempts to account for the resonance structure of the
In Eq. (6), for a given bin. The form of this correction factor is justified a posteriori due to the smallness of the O (α) terms; a different functional form won't affect the result for the total asymmetry very much. This is discussed further in Sec. IV.
III. RESULTS
In this section, parton-level SM predictions are given for the forward-backward and charge asymmetry. The cuts and binning are tailored to match the experimental analyses. In the tables below, the superscript uncertainty comes from running the renormalization and factorization scales, µ R = µ F = µ, from the chosen central value of M Z up to 2M Z .
Similarly, the subscript uncertainty is due running µ down to M Z /2. The additional, symmetric uncertainty in the last column is due to the neglect of higher-order QCD contributions. As previously stated, this uncertainty is taken to be 30% of the pure QCD asymmetry, as is typically done.
As a check on the calculation, we have computed the NLO QCD contribution to the top-quark forward-backward asymmetry. We find A In what follows, the rest-frame and lab-frame forward-backward asymmetries are denoted by A bb F B and A F B respectively.
A. CDF High Mass Analysis
Results for the bottom-quark forward-backward asymmetry for the CDF high mass analysis [22] are given in Table I The mixed EW-QCD corrections, O(α), decrease the asymmetry. On the other hand, tree-level EW contribution, which was neglected in the evaluation of the high-mass asymmetry in [22] , is positive though smaller in magnitude than the mixed EW-QCD corrections. The uncertainty due to the neglect of higher-order QCD terms is larger than the magnitude of the sum of the two EW contributions, and the scale uncertainty is comparable in magnitude (or larger than) the total EW contribution.
The astute reader will notice that the predictions for the O(α s ) asymmetry in Tab. I are slightly larger than those in Table I of [22] , which used MSTW2008 NLO PDFs [50] .
Indeed, though the two calculations agree within the scale uncertainty, the choice of PDF set seems to make a small difference in the prediction for the central value of the asymmetry. For example, using Hollik and Pagani's Eq. (7) GeV were placed on all of the bins. In Ref. [13] , only the p T cut had been implemented.
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The cut on the rapidity of the bottom quarks, |y b,b | ≤ 1, is the same as in [13] . In this work, two cuts were placed on hard radiation instead of one. In particular, the opening angle, ∆φ, between the bottom and anti-bottom in the plane transverse to the beam line is required to be greater than 2.8 radians. 6 In addition, to match CDF's cuts, the bottoms are also required to satisfy,
The cut in Eq. (7) was not included in the analysis of Ref. [13] .
No scale uncertainties are given for the O(α) terms as they are smaller than 10 −4 , which is due to the fact that the mixed EW-QCD corrections are themselves rather small.
The O(α 2 /α 2 s ) terms are all either in good agreement with the findings of [13] or are 5 The label of the bin in the second row, "35 ≤ M bb /GeV < 75," of Table I in [13] is misleading because there wasn't actually a M bb > 35 GeV cut on this bin. 6 In [13] , this was referred to as the "acollinearity" cut.
35 ≤ M bb /GeV < 75 0.00 the O(α s ) terms, the cuts on the hard radiation increase the asymmetry by 8 − 27%, depending on the bin. As expected, without cuts on hard radiation, the asymmetries given here and in Ref. [13] are in good agreement.
C. LHCb
Results for the bottom-quark charge asymmetry for the LHCb 7 TeV analysis [27] are given in Table III and Figure II TeV is in good agreement with measured value. Without the inclusion of the tree-level EW contribution to the total cross section, the prediction for A bb C (75 ≤ M bb /GeV < 105) increases from 3.50% to 3.81%.
Predictions have also been made for the bottom charge asymmetry at LHCb for The same perturbative calculation used for the CDF and LHCb results is again used for the D0 analysis. We are mindful that because D0 measured an exclusive hadronic final state, a perturbative calculation may not necessarily be relevant. However, D0
finds the that rms width of the distribution of (η b − η B ) is 0.11 [24] ; see [25] for more information. This suggests that hadronization does not significantly affect A F B in B ± meson production.
The following cuts are made: 0.1 ≤ |y b | ≤ 2.1 to match D0's analysis, and |yb| < 2.1 to simplify the calculation. Note that D0 uses pseudorapidity in its analysis, whereas rapidity is used in this calculation.
We find that the O (α s ) contribution to the inclusive asymmetry is 9.8 ± 0.3
The tree-level EW contribution to the asymmetry is 4.8
+0.7
−0.6 · 10 −6 . Since this asymmetry is so small, the flavor excitation piece is also considered. A quick calculation using MadGraph [46] gives O (α s ) qg = 1.1 ± 0.7(stat.) · 10 in not included in these distributions. Only the uncertainty due to the neglect of higherorder terms is included; no scale uncertainty is calculated for these distributions. The SM calculation is consistent with D0's measurements in all bins except for the 7 ≤ p T /GeV < 9 bin, where the asymmetry is measured to be larger than what is predicted.
As previously noted, there is good agreement between the SM predictions in this work 
IV. DISCUSSION
In what follows a discussion is given of the estimation of the mixed EW-QCD corrections, the charm-quark charge asymmetry, and the implications of this work for BSM scenarios.
A. Estimate of Mixed EW-QCD Corrections
Inspecting Tables I and II Table II , where there is a partial cancellation between the QED and the weak con-tribution, with O(α) QED ≈ −0.05% and O(α) weak ≈ +0.04%. Now consider what would happen if the following form for the weight was used,
withŝ being the integration variable. 8 Such terms arise from interference between treelevel gluon exchange and box diagrams containing one Z and one gluon, see e.g. [52] .
Replacing M Z with µ Z and taking the real part, the effect of the log is to change the sign of O(α) weak , so that O(α) ≈ −0.05% − 0.04% = −0.09%. 9 Considering the O(α) term by itself, this looks like a large effect, almost an order of magnitude increase. However, the sum of all the contributions to the asymmetry in the 95 ≤ M bb /GeV < 130 bin only changes from 1.44% to 1.34%. This change is smaller than the scale uncertainty, and it is also smaller than the uncertainty due to the neglect of higher-order QCD terms.
B. Charm-Quark Charge Asymmetry
There is also some interest in measuring the charge asymmetry in charm-quark production [8, 9] , and LHCb may well have the charm-tagging capabilities to do so. A full study of the SM contribution to the charm asymmetry is left for future work. Instead, in this work, we consider a previously neglected, tree-level contribution to the heavy quark charge asymmetry due to t-channel W exchange. For the top and bottom asymmetries, this contribution is rightfully neglected because it is highly CKM (or bottom PDF) suppressed. However, there is less suppression for the charm-quark asymmetry because it is only a first to second generation transition. To the best of our knowledge, the asymmetric piece of the interference between s-channel gluon exchange and t-channel W exchange has not previously been given in the literature,
where
, c = β cos θ, and V is the CKM matrix.
The square of the t-channel diagram is suppressed by (α/α s )(|V cd | 2 /s 2 W ) ≈ 1% relative to 8 This is an example of the type of logarithms that were resummed to make predictions for A bb F B in Ref [12] . 9 As can be seen in [52] , the cos θ CM dependence of the log and non-log terms are numerically similar after integration so that |O(α) weak | ≈ 0.04% in both cases. [12] . This is consistent with the naive scaling estimate; t-channel W exchange is small, but not negligible for the charm asymmetry. On the other hand, we find the O (α s α) contribution to A bb F B for the same invariant mass range to be 6 · 10 −6 , which is completely negligible.
C. Implications for BSM Scenarios
Two different BSM scenarios are investigated in this work. First, as was done in [13] , the effect on A Table II are shown in red. Plotted in blue in Fig. 3 is a prediction from the axigluon model [53] . The parameters used in the plot are, M G = 100 GeV, Γ G = M G /10, and g a = 0.476. These parameters were taken from Ref. [54] , which throughly investigate the bounds on the axigluon models that were relevant as BSM explanations of A tt F B . The other parameter choices in Ref. [54] do not cause significant deviations from the SM, as can be seen in Fig.   1 of [13] . The measurements by CDF [23] combined with the SM predictions in this work disfavors the 100 GeV axigluon. Furthermore, both of the benchmark points from [13] for the scalar weak doublet model [55] are also disfavored. The 100 and 150 GeV flavor octet, electroweak triplet vectors of [56, 57] are also disfavored, but 250 GeV vectors are in brown and green respectively. The BSM contributions to A bb F B are computed using MadGraph [46] , and a statistical uncertainty of 0.3% is included in addition to the SM uncertainties.
The bb forward-backward asymmetry at LEP1, A (0,b) F B , was measured to be 2.3σ below the SM prediction [32] . This deviation can be explained by modifying the Zbb couplings as follows,
where deviations from the SM are parameterized by δg bL,R . A constraint on these modifications comes from the ratio of the partial width Z → bb to the inclusive hadronic width of the Z at LEP1, R b , which is consistent with the Standard Model prediction [32] . A two parameter fit of δg bL,R to A near the Z-pole, which also constrains the parameters δg bL,R . In Fig. 5a , the darker green 
V. CONCLUSIONS
The preliminary results of CDF at both high and low invariant mass are consistent with the SM predictions made in this work and in Ref. [13] . The predictions of [13] were expanded on in this work to include the mixed EW-QCD corrections in an approximate way, which were found to be small in magnitude.
The charge asymmetry at 7 TeV measured by LHCb is found to be in good agreement with Standard Model. It is also predicted that the charge asymmetry at 13 & 14 TeV will be smaller than at 7 & 8 TeV. In addition, it was shown that t-channel W exchange makes a non-negligible contribution to the charm-quark charge asymmetry.
Both the preliminary results of CDF at low mass and LHCb results at 7 TeV include a measured asymmetry in the bin containing the Z-pole that is larger than the asymmetry in the adjacent invariant mass bins, as predicted in this work and [13] . D0's result for A F B is consistent with zero, and with the prediction of a very small asymmetry made in this work. On the other hand, the prediction for the inclusive asymmetry made by D0 using MC@NLO+Herwig is 3.3 standard deviations above what was observed.
Several BSM scenarios proposed for A tt F B , including an 100 GeV axigluon, are ruled out by this combination of SM predictions and measurements. On the other hand, it was shown that the Zbb couplings can be modified to explain the 2.3σ anomaly in A (0,b) F B at LEP1 while being consistent with the bb asymmetry measurements at hadron colliders.
